Growing evidence indicates that world temperatures have increased in recent history, and that this trend is likely to continue in the future. The rise in global temperatures has been accompanied by an increase in extreme weather events, which often have devastating environmental, economic, demographic, and social effects. As concern about the impact of climate change has grown in recent years, there has been a considerable increase in the number of studies published on the effects of extreme temperatures. However, detailed, systematic, and historical investigations into the relationship between temperature and mortality relationship are still difficult to find. This study fills some of these gaps. By examining the impact of extreme temperatures on mortality in Taiwan in the 1970s, our aim is to answer the following questions: (1) Is a lower or a higher temperature recorded in winter or summer related to higher daily mortality? (2) Is mortality higher in particular years with extreme temperatures than it is in the corresponding periods of other years with normal temperatures? (3) Finally, if more extreme temperatures are indeed associated with higher mortality, what kinds of people tend to face higher mortality risks? This study shows that variations in daily mortality were related to changes in temperature in Taiwan over the study period. Cold temperatures in the winter, hot temperatures in the summer, and unusually cold or hot temperatures were all associated with higher mortality. In comparison with other times of the year, the proportions of people who died at old or very young ages were relatively high during cold periods. The proportions of deaths caused by cardiovascular diseases were also * Zhongwei Zhao (corresponding author), Australian Demographic and Social Research Institute, Australian National University, 9 Fellows Road, Acton ACT 2601, Australia Email: zhongwei.zhao@anu.edu.au relatively high, and these deaths contributed to the high mortality levels in winter time. Meanwhile, during the hot periods relatively high proportions of children and young people died of injuries or poisoning, and relatively high proportions of people died of respiratory diseases; both of these causes of death were closely related to mortality increases in the summer. In comparison with recent decades, however, these patterns were more observable in the 1970s, when the public health and the socioeconomic development levels in Taiwan were not as advanced as they are today.
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Introduction
There is growing evidence that global temperatures have increased in recent years, and that this trend is likely to continue in the foreseeable future. The rise in global temperatures has been accompanied by an increase in extreme weather events, which often have devastating demographic, economic, environmental, and social effects (Hale et al. 2003; Goklany 2007; Deschenes and Moretti 2009; Hayhoe and Farley 2009; Steffen et al. 2013; Hajat et al. 2014) . The heatwaves in India and Pakistan in May-June 2015 provided evidence that extreme temperatures coupled with poor public health systems and infrastructure can result in sharp increases in mortality. As concerns about the effects of climate change on the future of the planet and on humankind have grown, there has been a considerable increase in the number of studies published on the effects of extreme temperatures.
Previous studies have reported that there is a close association between temperature and mortality (Anderson and Bell 2009; Chung et al. 2009; Deschenes 2013) . However, the relationship tends to be nonlinear. An unusually low or high temperature in winter or summer is often accompanied by higher mortality (Basu and Samet 2002; Chung et al. 2009; Guo et al. 2011) . The extent to which this is the case varies across regions (Curriero et al. 2002; Deschenes 2013; McMichael et al. 2008) . The optimal or threshold temperature (a temperature at which the risk of mortality reaches the lowest level) is usually related to the latitude and the temperature level of the area (Curriero et al. 2002) . Studies have also suggested that the effects of hot temperatures on mortality are more immediate, while the effects of cold temperatures on mortality tend to accumulate over time, or become more observable after some delay (Deschenes 2013) . In addition, Rocklov, Ebi, and Forsberg have found "the mortality impact of persistence of extreme high temperatures to increase proportionally to the length of the heat episode in addition to the effects of temperature based on the temperature-mortality relationship" (Rocklov et al. 2011) . Notable variations have also been found when the association between temperature and mortality has been examined by causes of death. For example, links have been demonstrated between extreme temperatures and increases in cardiovascular and respiratory mortality, but links between temperature levels and cancer mortality have been more difficult to observe (Basu and Samet 2002; Astrom et al. 2011; Song et al. 2008) . Similarly, some researchers have found that older people are most vulnerable to extreme temperatures (Basu and Samet 2002) , while others have found associations between extreme temperatures and elevated mortality among children under four years old (Nakai et al. 1999; Vaneckova et al. 2008) .
While great efforts have been made in recent years to study the impact of extreme temperatures on population health and mortality, detailed and systematic investigations into long-term changes in the temperature-mortality relationship are still difficult to find, especially in less developed countries. This study is designed to further improve our knowledge about these issues by examining the impact of extreme (both cold and hot) temperatures on mortality in Taiwan in the 1970s. We aim to answer the following research questions: (1) Is a lower or a higher temperature recorded in winter or summer related to higher daily mortality in the study population? (2) Is a more extreme (either cold or hot) temperature recorded in a particular year related to higher mortality than in the same period in other years? (3) If a more extreme temperature is indeed associated with higher mortality, which population sub-groups tend to have a higher mortality risk under the given temperature conditions?
When studying the association between temperature and population health and mortality, the concept of an 'extreme' or an 'unusual' temperature needs to be clearly defined. This is not, however, a straightforward task, because it often requires a careful consideration of the absolute level of temperature, the magnitude of temperature changes, and the duration of the cold or the hot temperature. These factors can have numerous combinations, and they interact with other meteorological or air quality factors. The effects of these factors, and of their combinations and interactions, also differ significantly across different geographic areas and climate zones (Wu et al. 2011) . For these reasons, there is no standard or widely accepted definition of what constitutes an extreme temperature or an episode of extreme temperatures in the available studies.
The methods used to examine the effects of weather conditions on population health and mortality are also insufficiently developed. Most of the available studies have been conducted from one of the following perspectives. First, some studies have looked at cold or hot temperatures over a certain period, such as a year; and have investigated the health or mortality effects of these cold or hot temperatures. These studies have generally examined variations in temperatures and the associated differences in mortality levels, and have modelled the relationship between them (Medina-Ramón and Schwartz 2007; Zenobetti and Schwartz 2008; McMichael et al. 2008; Hajat et al. 2012; Hales 2012) . Second, other studies have looked at whether extreme cold or hot temperatures during the same season or during the same period of different years led to excess mortality. Studies of this kind have, for example, investigated the health and mortality effects of heatwaves in Chicago in 1995, in Paris and other parts of Europe in 2003, or in other areas or at other times (Pirard et al. 2005; Kaiser et al. 2007; Tong et al. 2010; Tong et al. 2012) . In this study, we analyse the effects of high or low temperatures from both methodological perspectives. Our definitions of extreme or unusual temperatures, measurements of mortality, and methods of analysis will be further discussed in related sections.
The study populations and climate in Taiwan
In this study, we examine the relationship between temperature and mortality in northern and southern Taiwan over the period [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] Taiwan has a warm and humid climate. During the 20 th century, the average temperature in Taiwan was 23 degrees Celsius ( • C) (The Central Weather Bureau of Taiwan 2015). The weather conditions vary from the north to the south. Northern Taiwan has a subtropical climate with moderate temperatures, and rain is common in the region in the winter months. In southern Taiwan the temperatures are higher on average, and rain is less common than in the north.
The distance between Taipei (a major city in northern Taiwan) and Kaohsiung (a major city in southern Taiwan), where the two selected weather stations are located, is about 300 kilometres. For the study period, the mean daily temperature ranged from a minimum of 6.5 • C to a maximum of 32.4 • C, and the average daily mean temperature was 22.8 • C in the north. The average daily air pressure was 1012.8 hPa, and the average daily humidity was 76.9%rh. In the south, the mean daily temperature ranged from a minimum of 8.3 • C to a maximum of 32.3 • C. The average daily mean temperature was 24.5 • C, or 1.7 • C higher than in the north. In southern Taiwan, the average daily air pressure was 1011.1hPa, and the average daily humidity 79.6%rh. The humidity level was slightly higher in the south than in the north.
1 According to the official classification used by the Executive Yuan, northern Taiwan consists of Taipei, New Taipei, Taoyuan, Keelung, Hsinchu City, Hsinchu County, and Yilan County; and southern Taiwan consists of Tainan, Kaohsiung, Chiayi City, Chiayi County, Pingtung County, and Penghu County. Because we have used only weather condition data collected from two weather stations, one in Taipei and the other in Kaohsiung, we have selected a smaller number of areas that are relatively close to these two major centres and that have relatively large population sizes. (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) 196,848 157,094
Note: Max., Min. and Ave. are abbreviations for maximum, minimum and average.
3 Is a lower or a higher temperature recorded in winter or summer related to higher daily mortality?
A total of 350,000 deaths were recorded in the two study areas from 1971 to 1980. During this period, daily death counts ranged from 23 to 101 in northern Taiwan and from 17 to 81 in southern Taiwan, as shown in Table 1 . We start our investigation by examining the question of whether these very large variations were related to changes in temperature using the following analyses. We first compute the daily mortality ratio, which is the daily death count to the average daily death count of the year; and use this ratio to indicate the relative level of daily mortality. We chose this indicator because it is less affected by the considerable changes in the number of deaths and in the level of mortality over the study period. All of the days in a year are then ranked by the mean daily temperature and are divided into 10 groups, with each group consisting of about the same number of days. The range of the daily average temperatures for the 10 groups is shown in Table 2 . It is worth noting that there are some differences in the temperature ranges of the two study areas. Finally, we calculate the average daily mortality ratio for each of the 10 groups. The total number of days, the range of daily death counts, and the average daily mortality ratio for each group are also presented in Table 2 .
An issue that needs to be taken into consideration in the study of the temperaturemortality relationship is the possibility that the effect of temperature on mortality is often delayed. Determining the length of such a lag effect is complicated, because it may be expected to vary depending on the cause of death, the health care facility, the geographic area, and other factors. Although these questions have been discussed in many papers, so far there is no conclusive answer about the length of lag that should be used in studies of this kind. We have examined the link between changes in daily mortality and the temperatures recorded in the preceding days, and found that in cold periods the correlation coefficient between the daily death count and the temperature recorded three days previously is slightly stronger, whereas in hot periods the correlation coefficient between daily mortality and the temperature recorded on the reference day or one day before the reference is slightly stronger. In the following analyses we use as a proxy the temperature recorded two days prior to death to capture the lag effect of temperature on mortality. The results presented in Table 2 show a strong relationship between the daily temperature and the mortality level. Although winter in Taiwan is fairly mild, the number of deaths recorded in the coldest 10 per cent of days is about 1.13 times higher than the annual daily average in northern Taiwan. In southern Taiwan, the ratio is, at 1.11, slightly lower; which may be because the average daily temperature is a couple of degrees higher in the south than in the north. In both northern and southern Taiwan, daily mortality decreases when the average temperature increases, but this relationship begins to change when the temperature reaches 23.40-25.30 • C in the north and 26.80-27.55 • C in the south: at these thresholds, the average daily mortality ratio falls to its lowest level in each region, of 0.931 and 0.955, respectively. After the 'optimal' temperature has been reached, changes in daily mortality generally show a positive relationship with temperature increases. For the group of days with the highest temperatures, the average daily mortality ratio is slightly higher than 1.00 in both northern and southern Taiwan.
The results from the relatively simple descriptive analysis are supported by multivariate analyses using a generalised additive model that accounts for the relevant environmental indicators, as specified below.
Here Y is predicted daily death count, a is the intercept, S and S i are smooth functions, T is the time index, X 1 is lag1 death, X 2 is lag2 temperature, X 3 is humidity, and X 4 is air pressure. The results obtained from this analysis suggest that there is a non-linear relationship between temperature and mortality, as indicated by the graph in Figure 1 . In the plot, X is the temperature and the smooth function S (X) shows the impact of the temperature on mortality, while holding the impact of other variables in the model constant. Here the impact is expressed in terms of the number of deviations from its mean, which is indicated by zero in the Y axis. The figure shows that when the temperature is low, the relationship between a change in the temperature and daily mortality is negative. But after the optimal temperature (approximately 26 • C in both northern and southern Taiwan) has been reached, The results also show that there are some differences in the temperature-mortality relationship in the two regions. There is a slightly larger increase in mortality in northern than in southern Taiwan when the temperature falls below 25 • C, which may be attributable to the slightly colder weather in the north. These results are consistent with the findings presented earlier.
4 Is a more extreme temperature recorded in a particular year related to higher mortality?
Temperatures recorded in the same period or season of different years can vary greatly. Are these variations also related to changes in the daily mortality level? For example, can periods with unusually cold or hot temperatures observed in a particular winter or summer (or other season) be shown to be associated with higher mortality than the corresponding periods or seasons of other years with normal temperatures?
To investigate these questions, we compared recorded temperatures for the same period across different years. To identify unusually cold or hot periods, both the temperature levels and the durations of these exceptionally high or low temperatures had to be taken into consideration. We first computed the average daily temperatures for every episode or period ranging from one to 20 days for the whole study period.
For example, over the entire period of 3653 days there were 3652 episodes of two successive days. We computed the average daily temperature for each of these twoday episodes. We also did the same calculation for each episode of other specified numbers of days. This procedure enabled us to identify the hottest and the coldest periods with the specified duration over the entire study period. We then calculated the average daily mortality ratios for those coldest or hottest periods of one to 20 days, and noted the years in which these extreme temperature episodes occurred. Finally, we computed the average daily mortality ratios for the same periods of other years, and compared them with those recorded in the year in which the most extreme temperatures were observed. Table 3 shows the coldest periods with durations of three, seven, 10, or 14 days; along with the dates when they occurred, the average daily mortality ratios for these periods, and the average daily mortality ratios for the same periods of other years. 2 The results indicate that unusually cold temperatures were correlated with higher mortality in general, and especially during periods when the cold temperatures lasted for a longer time. For the coldest periods with seven, 10, or 14 days in northern Taiwan and the coldest periods with three, seven, 10, or 14 days in southern Taiwan the average daily mortality ratios varied from 1.18 to 1.29 in the years when these coldest spells were recorded. All of these ratios were markedly higher than the average daily mortality ratios in the other years, which were between 1.05 and 1.10. The only exception to this general pattern was found for a three-day episode of extreme cold observed in northern Taiwan from 25 to 27 February 1974: despite being very cold, the average daily mortality ratio during this episode was slightly lower than the ratio in other years. Table 4 presents similar results showing the associations between hot or unusually hot temperatures and daily mortality. In northern Taiwan, the periods with the hottest three, seven, or 10 days had average daily temperatures of between 31.3 • C and 32.0 • C. The average daily mortality ratios of these periods varied between 1.02 and 1.10, and were higher than the ratios for other years, which varied between 0.93 and 1.01. For the hottest 14-day episode recorded in August 1980, the average daily mortality ratio was 0.97, or the same as the ratio observed in other years. In southern Taiwan, the hottest periods of seven, 10, or 14 days were all recorded in late June and early July 1980, with average daily temperatures ranging from 31.3 • C to 32.0 • C. The average daily mortality ratios for these episodes were 1.08 or 1.09, and thus were higher than the ratios for the same periods in other years. However, for the hottest three-day period between 28 and 30 June 1980 the average daily mortality ratio was 0.95, and was therefore lower than the ratios for the same periods of the other years. Compared with the ratios for the coldest periods, the average daily mortality ratios for the hottest periods were generally lower. Thus, the temperaturemortality relationship seems to have been weaker and its patterns were less clear for hotter than for colder weather. This is likely due to the fact that even in summer, temperatures are not particularly high in Taiwan. When there is a heatwave, the temperatures rarely reach the levels that are routinely recorded in some other parts of the world.
We have also examined the distribution of average daily mortality ratios against the average daily temperatures recorded in the cold and hot periods specified in the two tables. The results provide further support for the conclusions reached above. There are, however, exceptions. For example, in northern Taiwan the average daily mortality ratio for the coldest three-day period was actually lower than the ratio for the corresponding periods of many other years. This may be because the daily mortality level is affected not only by the temperature level, but by many other factors as well.
Which population groups are more vulnerable to the extreme temperature?
Cold temperatures in winter and hot temperatures in summer-especially if they are unusually low or high-have been shown to be closely related to higher mortality. These findings are confirmed by the evidence presented in Tables 5 and 6. In the two tables, we divide a year into three periods. The cold period consists of the days The remaining days of the year are grouped into a third, or 'other' period. This division is largely based on our examination of the mean temperatures recorded in these periods, their slight variations across different years, and their effectiveness in revealing the links between temperatures and variations in mortality among subpopulations. Tables 5 and 6 show that the highest average daily death counts in a given year are in the cold period, followed by in the hot period. The lowest mortality levels are observed in the other period of the year. These patterns and the evidence presented in the preceding sections led us to ask the question of which groups are more vulnerable: i.e. which sub-populations are more likely to die during extreme temperature episodes? To answer this question, we calculated the percentage distributions of mortality by age groups and major causes of death for each of the three specified periods and for the study period as a whole; the results of these analyses are also presented in Tables 5 and 6 .
The proportions of people who died at age 65 or above were higher in the cold period than in the other two periods of the year. In contrast, the proportions of people who died between ages one and 34 (as well as the proportion of infants who died before age one in the south) were higher in the hot period than in the other periods of the year. This pattern, which was observed for both northern and southern Taiwan, indicates that older people were more vulnerable to cold weather conditions, while younger people were more vulnerable to hot weather conditions. When the deaths were examined by causes of death, we found that the proportions of people who died due to cardiovascular diseases (CVD) were higher in the cold period than at other times of the year. However, the percentages of people who died of injuries and poisoning and of respiratory diseases were higher in the hot period than in the other periods. These results reveal that compared with other times of the year, people were more likely to die of cardiovascular diseases in the cold period, and were at greater risk of dying from injury or poisoning in the hot period. Even after examining the mean daily death counts, we found that these conclusions applied to the populations living in both the north and the south. To compare the vulnerability levels to extreme temperature conditions of the populations living in northern and southern Taiwan, we calculated a simple vulnerability index for the cold and hot periods: i.e. the ratio of the proportion of deaths of a specified age or causal group out of all deaths for the cold or hot period to the proportion of deaths of the same age or causal group for the whole study period. In general, a higher index value indicates a higher mortality risk (relative to the percentage of deaths among the same age or causal group in the total deaths of the study period). According to the vulnerability indices shown in Table 7 , in the cold period the elevated mortality risks for people aged over 65 and for people with cardiovascular diseases were fairly similar in northern and southern Taiwan. In the hot period, the mortality risk among people aged 1-34, and the proportions of people who died of injury or poisoning or of respiratory diseases, were higher than in the other periods in both northern and southern Taiwan; although the gaps appear to have been greater in the north than in the south. In addition, in the cold period the mortality risk among infants under age one was higher than the average of the whole period in northern Taiwan, but not in southern Taiwan. The opposite was the case in the hot period. These observed differences should be further investigated in future studies.
To further examine the populations who were especially vulnerable in hot weather, we analysed the link between the relatively high proportion of people who died at ages 1-34 and the major causes of death. The results of the analysis provide further evidence in support of our previous conclusions. For example, we found that among people aged 1-34, injury or poisoning accounted for 52.6 per cent of deaths in the hot period, but just 45.6 per cent of deaths during the cold period. This gap is mainly attributable to the large number of deaths caused by drowning: in the hot period, the total number of drowning deaths was 2007, or more than three drowning deaths per day. These deaths accounted for 36.3 per cent of all injury or poisoning deaths among this age group. If the level of mortality caused by drowning in the hot period had been similar to the level in the cold period, then the total number of deaths due to injuries and poisoning that occurred in the hot period would have decreased by approximately 26 per cent. Injury and poisoning deaths would have accounted for 45.1 per cent of total deaths in the same age group, or slightly less than the 45.6 per cent of total deaths in the cold period.
We also examined the temperature-mortality relationship and levels of vulnerability to extreme temperature conditions in urban (cities) and rural (counties) areas, and in male and female populations. The vulnerability indices for cold and hot periods of the year are computed for cities and counties, and for males and females in northern and southern Taiwan; the results are presented in the four tables in the appendix of the paper. These results confirm the suggestions made above. In comparison with other times of the year or annual averages, the proportions of deaths among people aged 65 and over and of deaths caused by CVD were relatively high in the cold period. Meanwhile, the proportions of deaths among people aged 1-34 and of deaths caused by injury or poisoning or respiratory diseases were relatively high in the hot period. The variations in these patterns between urban and rural populations and between male and female populations were relatively small. However, in the hot period the vulnerability index for deaths caused by respiratory diseases was higher in the cities than in the counties in both northern and southern Taiwan. During the same period in both regions, the vulnerability index for deaths caused by respiratory diseases was higher among females than among males. It is beyond the scope of this paper to further analyse gender differentials in deaths due to this cause, but we will examine these differences in a future study.
Concluding remarks
This study has shown that variations in daily mortality were related to changes in temperature in both northern and southern Taiwan over the study period. Generally, cold temperatures in the winter, hot temperatures in the summer, and unusually cold or hot temperatures were all associated with higher mortality. However, daily mortality was generally higher in winter than summer.
Compared with other times of the year, the proportions of people who died at old and at very young ages were relatively high during the cold period. The proportions of deaths caused by CVD were also relatively high during this period, and contributed to the high mortality observed in winter time. People with these characteristics were thus more vulnerable to low temperatures. During the hot period, however, relatively high proportions of children and young people died of injury or poisoning. The proportions of deaths caused by respiratory diseases were also relatively high. These causes were closely related to the increase in mortality in summer time. People with these characteristics were more vulnerable during the hot season.
The analysis of the increase in summer mortality in Taiwan in the 1970s also makes clear that during this period the major reason for the rise in mortality in the hot season was not the increase in CVD mortality among elderly people, which might have been related to hot temperatures; but to other factors such as drowning among children and young adults, which may have been attributable to the poor or less effective safety management practices at the time. Since then, considerable efforts have been made to improve these practices. There has thus been a significant decline in deaths from drowning, and this decrease has contributed considerably to the reduction in summer mortality (Wang 1999 and Chen 2008) .
The present paper has some limitations that should be acknowledged. While we focused on the relationship between temperature variability and mortality in Taiwan in the 1970s, we were unable to take into account the effects of other factors that may have contributed to mortality risk levels, such as air quality. We could not include these data because they did not become available until the mid1990s, and their exclusion may have had some effects on our results. Furthermore, the research findings reported in this paper offer insights into the temperaturemortality relationship and demographic differential vulnerability at a time when Taiwanese society was undergoing a demographic transition, and the country's level of socioeconomic development was less advanced than it is today. Thus, our observations of trends from more than three decades ago do not represent the temperature-mortality relationship patterns of today. Indeed, our investigations into this relationship have shown that it has not remained constant, but has undergone substantial changes since the 1980s. Big summer mortality peaks have largely disappeared in recent years. These changes are attributable to major changes in causes of death, improvements in health care and in living environments, and progress in safety management and disease prevention practices. (Zhao et al. 2015) .
As we mentioned in the introduction of this paper, in recent years there has been a substantial increase in the discussion of the effects of global warming and associated extreme temperature events, such as heatwaves, on health and mortality. Some studies have also projected the extent of health or mortality effects into the future (Hajat et al. 2014) . While such studies have greatly enriched our knowledge of related issues, it is notable that some of the reported results are based on observations made in one or two years, or in even shorter periods. It is also important to note that the temperature-mortality relationship has not been constant, but has undergone considerable changes. Furthermore, some temperature-related health and mortality risks can be prevented or considerably reduced. For example, in the summer of 2003 western European countries experienced a heatwave that resulted in more than 70,000 excess deaths (Robine et al. 2008 ). According to Fouillet and others (2008: 309) , in France the high death toll was largely attributed to "an overall lack of reactivity by people (insufficient protective reflexes and help for the elderly), health professionals (poorly known diseases related to heat), the health system (difficulty perceiving the signals, lack of prevention recommendations) and the media (alarmist messages but no information on prevention)". In order to prevent this kind of heat-related disaster from happening again and to reduce the health effects of future heatwaves, a National Heat Wave Plan was set up by the Directorate General for Health. Thanks to the implementation of this plan and other related efforts, the impact on mortality of the 2006 heatwave was significantly lower (Fouillet et al. 2008) .
Our study also highlights that it is crucial to consider demographic differentials in mortality risk from extreme temperature when developing disaster risk reduction strategies. We have shown that people of different age groups were exposed mortality risks differentially in hot and cold periods. Preventive policies that take into account the needs of specific sub-populations are essential for reducing premature deaths caused by extreme weather conditions and other environmental hazards. 
